Choline exchange with endogenous phospholipid takes place in rat brain microsonial preparations, although at a much lower rate than that of serine and ethanolamine (Table 2 ). It appears that incorporation one-third and one-fifth of that of serine and ethanolamine respectively is obtained under similar experimental conditions. More precisely, incubation was carried out at the same pH value, namely 8.5, which has been found to be the pH optimum for ethanolamine incorporation into lipid (Porcellati et al., 1971) . On the other hand it is known that optimum pH values for the incorporation of serine, ethanolamine and choline vary slightly from each other (Porcellati et al., 1971 ; Kanfer, 1972) . Therefore the rates of incorporation for the three bases shown in Table 2 might not represent the maximal rates of exchange for each single precursor, although differences in incorporation for serine and ethanolamine do not seem to be very large at pH8.5 (Porcellati et al., 1971 ).
Ca2+ concentration affects by different degrees the incorporation of ethanolamine, serine and choline (Fig. 1) . The optimum Ca2+ concentration for ethanolamine exchange is about 4 -5 m~, whereas that for serine lies in a broad region between 10 and 2 0 m , and that for choline is about 10mM. At a Ca2+ concentration of 2 . 5 m~ the rates of ethanolamine incorporation are much higher than those of serine or choline, whereas at a much higher Ca2+ concentration, i.e. 2 5 m~, the values for serine and ethanolamine exchange are not very different (Goracci et al., 1972; Gaiti et al., 1972) . This might be due to an inhibition of ethanolamine incorporation found at high Ca2+ concentrations ( Fig. 1) . At all Ca2+ concentrations the rate of choline exchange is much lower than those of serine and ethanolamine. Whether this means differences in affinity for the base-Ca2+ complex towards the enzymic system is not yet known. Berg et al. (1971) have reported that incubation of cultured intact rat pineal glands with noradrenaline and 32Pi increased the labelling of a lipid fraction containing phosphatidylinositol and phosphatidylserine. In mammals the pineal gland is the principal site of production and secretion of melatonin. Pineal glands in organ culture can synthesize melatonin from tryptophan, and this process is stimulated by noradrenaline and 6-N,2'-O-dibutyryl cyclic AMP Axelrod et nl., 1969) . The increment in synthesis produced by noradrenaline is prevented by the p-adrenergic-receptor-blocking agent propranolol, and is mediated in part by a cyclic-AMP-dependent induction of pineal 5-hydroxytryptamine (serotonin)-acetyl-CoA N-acetyltransferase (Klein & Berg, 1970; Wurtman et al., 1971) . These facts prompted us to examine more closely the effect of noradrenaline and other pharmacological agents on Pi incorporation into pineal phospholipids, and in particular to determine whether substances that regulate melatonin production might elicit corresponding changes in phospholipid metabolism (Eichberg et al., 1972) .
After a 3 h incubation each control gland had incorporated 150-250pmol of 32Pi into phospholipids. Phosphatidylcholine and phosphatidylinositol each accounted for about 40% of the label, phosphatidylethanolamine for 15 %, phosphatidic acid for 3 %, phosphatidylglycerol for 1-2 % and all other phospholipids combined for about 3 %.
When L-noradrenaline was present the labelling of total phospholipids was stimulated nearly twofold. Statistically significant increases in incorporation were confined to phosphatidylinositol and phosphatidylglycerol (Table 1 ). Other phenethylamines, including D-noradrenalhe, adrenaline, dopamine, tyramine and octopamine (all 0.3 m~) , which like L-noradrenaline increase melatonin synthesis from tryptophan, also enhanced incorporation into phosphatidylglycerol(lO0-500 %) and phosphatidylinositol (100-200 %). The stimulatory effect of L-noradrenaline was essentially linear from
The acetylcholine analogue carbamoylcholine gave no stimulation. This finding, which contrasts with the effect of acetylcholine on phospholipid metabolism in many other tissues, is consistent with substantial evidence that the rat pineal is innervated exclusively by adrenergic fibres (Pellegrino de Iraldi et al., 1965) and indicates that the effect of noradrenaline is caused by direct action on pineal parenchymal cells.
The presence of dibutyryl cyclic AMP in the medium in concentrations as high as lOmM caused no stimulation of 32Pi incorporation into pineal phospholipids. Hence the stimulatory effect of noradrenaline on phospholipid metabolism, unlike that on melatonin formation, does not seem to be mediated by stimulation of the synthesis of cyclic AMP. Further evidence for this conclusion was obtained by incubating pineal glands together with L-noradrenaline (0.3 m) and propranolol (0.1 mM). This 8-adrenergic-receptor blocker showed no ability to inhibit the increase in phospholipid metabolism, although it blocks the noradrenaline-induced stimulation of adenylate cyclase activity and melatonin synthesis. Sotalol(O.1 mM), another 8-adrenergic-blocking drug, also failed to block the stimulatory effect when incubated with 0.01 mMnoradrenaline.
Studies of the effects on the pineal of environmental lighting have revealed that noradrenaline and melatonin concentrations, as well as N-acetyltransferase activity, undergo a concerted diurnal rhythm so as to rise in the dark and fall in the light (Wurtman et al., 1968; Klein & Weller, 1970) . Consequently it seemed worth while to determine whether the stimulatory effects of noradrenaline on 32Pi incorporation into phospholipids of cultured pineal glands might also vary as a function of environmental lighting. Four groups of rats were maintained for 2 weeks in: (a) continuous light; (6) continuous darkness; (c) a diurnal cycle of 12h of light and 12h of darkness, with the animals killed at the end of a light period; ( d ) as in (c), but with the killing of the animals at the end of a dark period. Pineal glands were then incubated for 3 h in the presence or in the absence of noradrenaline. The lighting regimen had no effect on either the labelling of phospholipids in the control glands or the increment of 32Pi incorporation produced 0 . 3 m~ to 3pM.
VOI. 1 Table 1. Effect of pharmacological agents on the incorporation of "Pt into pineal phospholipids
Each pineal gland from a 150-200g female rat was clotted on to the wall of a glass culture tube and incuba Puck's N-16 medium (Shein et al., 1967) together with 50pCi of 32Pi (7OpCi/pmol) and the indicated add chilling the tubes to O' C, the radioactive media were removed and the pineal glands were washed with Ha extracted with chloroform-methanol (2:1, v/v), which contained carrier phospholipids, and separated based on that of Getz et al. (1970) . The developed chromatograms were radioautographed, and the rad radioactivities counted by liquid-scintillation spectrometry. Compounds tested were present at the foll AMP, 3 mM; L-noradrenaline, phenylephrine and isoproterenol, 0.3 m~; all others, 0.1 m. In experiments with /3-adrenergic-receptor-blocking drugs propranolol itself was^ found to enhance phospholipid labelling from 32Pi and to stimulate markedly 32Ps incorporation into phosphatidylglycerol (Table 1) . A similar quantitative pattern of incorporation of 32P, into phospholipids was obtained with other /3-adrenergic-receptor. blockers, including D-propranolol, dichloroisoproterenol and alprenolol, although these agents have widely different potencies in inducing jl-adrenergic blockade (Harrison, 1971) . These findings argue strongly against the involvement of /%receptors in the action of propranolol. This conclusion is supported by the abilities of both isoproterenol, a widely used /3-receptor-stimulatig agent, and of phenylephrine, an a-receptor-stimulating drug, to increase the labelling of phospholipids. A possible mechanism by which a /3-adrenergic-blocking agent may stimulate pineal phospholipid metabolism is suggested by the failure of sotalol to increase the labelling of phospholipids (Table 1) . All of the ,B-adrenergic-blocking agents tested except sotalol possess an additional pharmacological property, which has been termed a 'local anaesthetic' or 'membrane' action (Harrison, 1971) . The ability of nupercaine, a potent local anaesthetic, to elicit the stimulation of phospholipid metabolism (Table  1 ) provides more direct evidence that such an anaesthetic effect may be involved. A stimulatory effect of nupercaine on the incorporation of 32P, into phosphatidylinositol of vagus nerve in vitro has been reported (Salway & Hughes, 1972) .
In preliminary experiments most of the effects of noradrenaline, propranolol and nupercaine on phosphatidylinositol and phosphatidylglycerol metabolism were also observed when pineal glands were incubated in a simple medium consisting of KrebsRinger bicarbonate buffer, pH7.4, containing 5 mwglucose. Under these conditions the stimulation of phosphatidylglycerol labelling produced by noradrenaline was abolished, whereas that brought about by nupercaine was increased so that it approached the propanolol-induced stimulation, which was itself unchanged. These results further suggest that the mechanism underlying the stirnulatory effects of nupercaine and propranolol respectively are similar to each other and differ from that responsible for the action of noradrenaline.
Recently we have begun experiments to ascertain whether the noradrenaline-induced stimulation of pineal phospholipid metabolism is confined to a specific locus in the gland. Initially we wished to determine whether the effect takes place exclusively in pineal parenchymal cells or whether it might also occur in adrenergic nerve endings. To approach this problem we carried out a chemical sympathectomy by injecting newborn rats for 1 week with 6-hydroxydopamine, an agent known to cause irreversible destruction of adrenergic endings and prolonged depletion of brain catecholamines (Malmfors & Thoenen, 1971) . When the rats were 7 weeks old the pineal glands were placed in organ culture and the incorporation of 32Pi into individual phospholipids was compared with that for sham-injected rats. The stirnulatory effects of both noradrenaline and propranolol were virtually identical whether or not animals had been treated with 6-hydroxydopamine (Table 2 ). This finding indicates that the stimulation of pineal phospholipid metabolism takes place at a postsynaptic site, probably in the parenchymal cells of the gland.
We next decided to investigate whether the noradrenaline effect was restricted to or concentrated in a particular pineal subcellular organelle. Owing to the small size of this organ in the rat (approx. 1 mg) direct fractionation was impractical. Therefore rat pineaI glands were incubated with 32Pi either with or without L-noradrenaline and then co-fractionated with a large excess of ox pineal tissue (cf. Table 3 ). The distribution of protein and phospholipid among the fractions shows the microsomal fraction to be the richest in phospholipid. A surprising finding was the recovery of nearly 15 % of pineal phospholipid in the high-speed supernatant.
After a 5min incubation the bulk of incorporated radioactivity was in phosphatidic acid and phosphatidylinositol. A stimulatory effect of noradrenaline on labelling of the Table 3 . Subcellular distribution of 32Pi incorporation into pineal phospholipids In 5min incubations two rat pineal glands were incubated individually either with or without L-noradr 50pCi of 32P1. Incubations were terminated by the addition of a large excess of Hanks balanced salt s homogenized in 9vol. of 0.25~-sucrose together with about 250mg of ox pineal glands. The homog lOmin at lOOOg, 15min at lOOOOg and 80min at 80000g to sediment the nuclear, mitochondria1 and mic natant. Each pellet was resuspended in 0.25~-sucrose and lipids were extracted (Folch et al., 1957) . The extracted by the method of Bligh & Dyer (1959). In 180min incubations two rat pineal glands were incub with or without L-noradrenaline in 5 0 0~1 of medium containing 1OOpCi of 32Pi. Each pair of pineal glan sucrose with about 500mg of fresh ox pineal gland and fractionated as described.
Protein (mg/g wet wt.) ... latter compound is evident even after this short time and is most pronounced in the mitochondrial and microsomal fractions. In pineal glands incubated for 3 h the increased labelling of phosphatidylglycerol and phosphatidylinositol was most marked in the microsomal fraction, whereas incorporation into phosphatidic acid rose most sharply in the mitochondria. However, for each acidic phospholipid increased incorporation was seen in every fraction, including the high-speed supernatant. The appearance of a stimulatory effect in all fractions could be due to increased synthesis at more than one site, or alternatively it could reflect greater production at one locus followed by rapid transport of newly synthesized phospholipid to other subcellular organelles.
To identify the fractions better, the distributions of lactate dehydrogenase and cytochrome c oxidase were determined. Lactate dehydrogenase was found, as expected, almost exclusively in the supernatant, whereas the bulk of recovered cytochrome c oxidase was distributed about equally between the mitochondrial and the microsomal fractions. These results are thus consistent with the conclusion that the mitochondrion is a principal site of the stimulating action of noradrenaline on pineal phospholipid metabolism. However, this interpretation may be incorrect, since it assumes, without evidence, that rat and ox pineal subcellular organelles possess the same sedimentation characteristics in the fractionation procedure used.
The stimulation of 32Pi incorporation into phosphatidylglycerol by noradrenaline and other pharmacological agents implicates this phospholipid for the first time in a biochemical response to a neurotransmitter by a mammalian tissue. The physiological importance of this observation remains obscure; in particular, it is not yet known whether this effect is specific for adrenergic neurotransmitters and antagonists or for the pineal gland, or whether it also occurs with acetylcholine or other neurotransmitters and secretagogues in other organs. The molecular mechanism of the stimulatory effect seen on pineal acidic phospholipid metabolism is also unclear. A reasonable hypothesis, which has been proposed for the analogous action of acetylcholine, is that the activities of one or more enzymes involved in the synthesis or degradation of lipids are altered (Dwell et al., 1969) .
A few reports suggest that noradrenaline may also stimulate the incorporation of 32P1 into phosphatidylinositol and phosphatidic acid in brain preparations in vitro (Hokin, 1969; Sneddon & Kean, 1970) . Consequently it was decided to determine whether increased incorporation of 32Pi into phospholipids of cultured cells of nervous-tissue origin would occur in response to noradrenaline. Two nervous-tissue cell types were examined: adult rat astrocytes (clone C2A) transformed by intravenous injection of N-methylurea into the animals and cloned after growth in dispersed cell culture (Benda et al., 1968) , and mouse neuroblastoma C-1300 cells (clone NIE) (Amano et al., 1972) . The cells, grown so as to form monolayers on the wall of a culture flask, were incubated for 3h at 37°C in Puck's N-16 medium containing 32P1.
The two cell types each incorporated comparable amounts of 32P1, about 5 nmol/mg of protein. However, the patterns of incorporation into the phospholipids were substantially different. In the astrocytes phosphatidylcholine, phosphatidylinositol and ethanolamine phosphoglycerides accounted for 65,20 and 7 % respectively of recovered label as compared with 30,26 and 26% for the neuroblastoma cells. Incorporation into phosphatidylglycerol amounted to 1-2 %. In the presence of noradrenaline (0.3 mM) the labelling of individual astrocyte phospholipids was uniformly depressed by about 20%. In contrast this neurotransmitter induced a small rise (approx. 25%) in the incorporation of 32Pi into each neuroblastoma phospholipid. Carbamoylcholine incubated with neuroblastoma cells produced essentially no effect. These slight nonspecific effects indicate that neither astrocyte nor neuroblastoma phospholipid metabolism responds to noradrenaline in a manner similar to pineal phospholipid metabolism under the conditions tested. However, it is possible that a specific stimulatory effect might be obtained in cells grown and incubated under different conditions. For example, the addition of dibutyryl cyclic AMP to neuroblastoma cultures has been reported to elicit the formation of processes (Prasad & Hoie, 1971) . The addition of a
